Passive safety system is the core feature of advanced nuclear power plant (NPP). It is a research hotspot to fulfill the function of passive safety system by improving the NPP natural circulation capacity. Considering that the flow behaviors of stopped pump pose a significant effect on natural circulation, both experimental and computational fluid dynamics (CFD) methods were performed to investigate the flow behaviors of a NPP centrifugal pump under natural circulation condition with a low flow rate. Since the pump structure may lead to different flows depending on the flow direction, an experimental loop was set up to measure the pressure drop and loss coefficient of the stopped pump for different flow directions. e experimental results show that the pressure drop of reverse direction is significantly greater than that of forward direction in same Reynolds number. In addition, the loss coefficient changes slightly while the Reynolds number is greater than 8 × 10 4 ; however, the coefficients show rapid increase with the decrease in Reynolds number under lower Reynolds number condition. According to the experimental data, an empirical correlation of the pump loss coefficient is obtained. A CFD analysis was also performed to simulate the experiment. e simulation provides a good accuracy with the experimental results. Furthermore, the internal flow field distributions are obtained. It is observed that the interface regions of main components in pump contribute to the most pressure losses. Significant differences are also observed in the flow field between forward and reverse condition. It is noted that the local flows vary with different Reynolds numbers. e study shows that the experimental and CFD methods are beneficial to enhance the understanding of pump internal flow behaviors.
Introduction
One significant difference between the proposed advanced reactor and traditional reactor is the design of passive safety system, e.g., passive residual heat removal system (PRHRS). In recent years, great efforts have been made to improve the natural circulation capacity of reactor to fulfill the function of passive safety system. It is noted that key factors restricting the enhancement of natural circulation included heat source power, height difference between cold and heat source, and flow resistance [1] . Accordingly, the researches of thermal-hydraulic behaviors in reactor components are continually implemented to enhance the understanding of natural circulation.
In particular, the flow behaviors of stopped reactor coolant pump (RCP) have gained great attention for a new type of floating nuclear power plant (NFNPP) [2] . NFNPP is a multipurpose plant that offers advantages of simplified loop design, low cost as well as reduced space. It can be applied for offshore oil drilling and island development. e main components in NFNPP consist of reactor, U-tube steam generator (UTSG), RCP, pressurizer, PRHRS, and secondary equipment. e single-phase coolant driving by RCP flows along the primary loop under normal operating conditions, namely forced circulation. However, the RCP stops during a station blackout accident. In that case, the coolant is driven by natural circulation and the stopped RCP converts to a resistance equipment. e flow behaviors of natural circulation are quite different with that of forced circulation, especially for the flow resistance of stopped RCP, which seriously affects the improvement of the natural circulation. In addition, the reverse flow phenomenon in primary loop also received substantial interest [3] . e mechanism of reverse flow was explained by many scholars [4] , but the solution is not very effective for now. When PRHRS is under operation, the reverse flow rate may be greater than forward flow rate. At this moment, the coolant from the reactor inlet flows through RCP in reverse direction to reactor outlet [5] . e phenomenon leads to the decline of residual heat removal capability.
In fact, it is difficult to obtain the general resistance correlations in theory due to the variation and complexity of the geometry of pump channel. e difficulty leads to the great unpredictability for the reactor safety analysis. According to the present literature, many studies have been reported about various pump behaviors. RCP studies for the integral facilities were summarized by Choi et al. [6] from the standpoint of scaling modeling, single-and two-phase pump behaviors. Wang et al. [7] explored the gas content effect of RCP with power shutting down transitions. Han et al. [8] simulated the coastdown flow of RCP during a loss of heat sink accident. However, the understanding about flow behaviors of RCP under natural circulation condition is insufficient. Especially, the importance of pressure drop and loss coefficient in low Reynolds number for RCP should be fully considered. In spite of the existing deficiency in pump study, a similarity of loss coefficient in low Reynolds number were found in spacer grids, which offer support for rods and temperature measurements in the reactor core. Several scholars explored the flow behaviors for spacer grids in different Reynolds numbers, which are of great significance for reference. Rehme [9] developed a classical pressure drop model for spacer grid to evaluate frictional and form losses respectively. Cigarini and Donne [10] and Schikorr et al. [11] analyzed the applicability of the Rehme model for the various types of spacer grids. Pacio et al. [12] proposed an empirical correlation applicable to the resistance characteristics of 19-pin hexagonal rod. Chenu et al. [13] compared various pressure drop models of spacer grid and applied them to TRACE code. In addition, the CFD method is also utilized to study the flow behaviors. Abbasian et al. [14] and Jin et al. [15] analyzed the influence of CFD turbulence models on flow channel simulation. Batta and Class [16] analyzed the influence of roughness and edge features on the pressure drop of spacer grid.
Proper methods are needed to investigate the flow behaviors of RCP in different Reynolds numbers. As described above, the references of spacer grid provide a solution to the issue. In this paper, experimental and CFD methods were carried out to study the flow behaviors of the NPP centrifugal pump under natural circulation conditions. Problems of loss calculation for pump model were described in detail. An experimental design was conducted to measure the pressure drop in forward/reverse direction and the loss coefficient of the stopped centrifugal pump was obtained. A CFD method based on Reynolds-averaged Navier-Stokes (RANS) models was also utilized to simulate the experiment. A commercial CFD code ANSYS FLUENT was employed to investigate the loss coefficient and explore the internal flow state of centrifugal pump.
Loss Calculation for Pump Model
e energy loss in the pipe can be divided into two categories, namely friction loss and form loss. e fluid flows through various complex areas in the stopped centrifugal pump, such as the impeller, guide vane. e flow field of pump internal channel is extremely nonuniform under this condition. e total pressure drop can be expressed as
e loss coefficient in correlation (1) can be rewritten as
where K is the loss coefficient, A is the flow area of a discharge pipe, H is the head loss, w is the velocity, and Q is the volumetric flow rate. e accuracy of loss coefficient is of great significance for analyzing the flow behaviors of the whole reactor system. When modelling with best-estimate system code, the pump resistance is usually simulated by establishing a pump characteristic curve, which is different from other components (e.g., pipe, junction). In the model, the pump parameters and the rated values are usually dealt with dimensionless method, namely head ratio h, speed ratio α, and flow ratio v. e dimensionless parameters are converted into the four-quadrant characteristic curve to characterize the pump operating condition, as shown in Figure 1 . e classification of dimensionless head curve is shown in Table 1 . On the one hand, the HVN curve represents the forward flow and forward rotation condition, while the HVR curve represents the forward flow and reverse rotation condition. On the other hand, the HVD curve represents the reverse flow and forward rotation condition, while the HVT curve represents the reverse flow and reverse rotation condition. When the pump stops under natural circulation condition, α/v � 0, which corresponds to the intersection point of HVN and HVR (or HVD and HVT). Above two points represent the forward flow and the reverse flow, respectively. While the dimensionless coordinate (h/v 2 ) of the corresponding point is expressed as C, the relationship between pump dimensionless parameter and loss coefficient can be expressed as
where the subscript R represents the rated condition.
As can be seen from the above correlations, the pump loss coefficient in the system code is a fixed value. For components with relatively simple shapes, such as sudden expansion/contraction pipes, the loss coefficient can be calculated by theoretical models. However, it is difficult to deduce the loss theoretically due to the complex internal flow structure of pump. In fact, measuring the loss coefficient by experimental method is accurate and effective. In general, only the experiment for the first quadrant curve (normal operation) of RCPs is completed in practical applications. Sometimes, only the rated data of pump are available; thus, curves from other pumps are used in the calculation. However, the value of C varies greatly for different pumps, which is not conducive for accurate simulation under special conditions (e.g., natural circulation). A few pumps (ATLAS pump [18] , etc.) provide the experiment of forward/reverse flow resistance; however, the loss coefficient in low Reynolds number measured in literature [18] was not accurate and no reasonable results were acquired.
Experimental Method and Analysis

Experimental Facility.
e experimental system consists of the main loop, measurement instrument, water supply/ drainage device, and data acquisition system (DAS). More specifically, the main loop is an open loop, which is mainly composed of auxiliary pump, test centrifugal pump, buffer tank, regulating valve, and corresponding pipeline, as shown in Figure 2 . e auxiliary pump in the loop is used to provide a low driving pressure head to simulate the low flow rate condition of natural circulation [19] . e parameters of auxiliary pump are listed as follows:
e shaft of test centrifugal pump is fixed. In order to measure the forward and reverse loss coefficient respectively, detachable blind plates are used in the loop to conveniently change the fluid flow direction, as shown in Figure 3 . In addition, the test section is divided into multiple branches, so that independent measurements of multiple components can be achieved.
A pressure transmitter is installed at the discharge pipe of the auxiliary pump to monitor the operating condition. A K-type thermocouple is used to measure the fluid temperature of the test section. e flow rate of test section was measured by the electromagnetic flowmeter. e pressure drop of test section is measured by differential pressure (DP) transmitter. Since large collision and disturbance may occur at the pump suction and discharge, the guide pipe of the DP transmitter is set at the position of 10D before the suction and 10D after the discharge (D: the pipe diameter) in order to reduce the measurement error.
According to the plant's actual natural circulation capability, the Reynolds number is lower than 1.5 × 10 5 . To cover the anticipative operating condition, the experiment condition of Reynolds number range changes from 2.0 × 10 4 to 1.5 × 10 5 . During the experiment, the pressure drop curve is obtained by controlling the flow rate and temperature, and then the loss coefficient is calculated. In addition, DAS is established based on Labview code and signal conversion device to facilitate the treatment of various measured parameters.
Uncertainty Analysis.
It is impossible to obtain the absolutely true value of the experiment. As a result, the accuracy and dispersion of the experimental data need to be analyzed in the actual situation, namely, the data uncertainty. A root sum square (RSS) method is utilized to evaluate the data uncertainty, which mainly origins from the measurement device, signal conversion device, and DAS [20] . 
where u f is the uncertainty of flowmeter, u I/V is the uncertainty of I/V conversion device, and u d is the uncertainty of DAS. e uncertainty of temperature measurement can be written as follows:
where u th is the uncertainty of thermocouple and u tt is the uncertainty of temperature transmitter. e uncertainty of pressure drop measurement can be written as follows:
where u pt is the uncertainty of DP transmitter. According to correlation (1), the fluid density error can be ignored due to the change is less than 0.1%. e uncertainty of loss coefficient can be expressed as the indirect uncertainty of pressure drop and flow rate:
3.3. Experimental Results. e pressure drop characteristics of the stopped centrifugal pump were obtained by controlling the flow rate and temperature. With the increase in flow rate and Reynolds number, the pressure drop curve shows a parabolic growth, and the pressure drop curve obtained for multiple tests is basically consistent, which verifies the repeatability of the experiment. Figure 4 shows the forward and reverse loss coefficient of the centrifugal pump calculated from the experiment. Reynolds number is calculated according to the reference point in the pump outlet, namely Re � ρvD h /μ [21] . It can be seen that the reverse pressure drop is obviously greater than forward pressure drop under the identical Reynolds number condition. e loss coefficient basically remains unchanged in a high Reynolds number (8 × 10 4 ), which is similar with the experimental results in literature [6] . In addition, when the Reynolds number is lower than 8 × 10 4 , the loss coefficient increases significantly with the decline of Reynolds number, up to 20% at most. However, the measurement of pressure drop for low Reynolds number in literature [6] was inaccurate and the experimental results were not related with correlation clearly. e empirical correlation of loss coefficient expressed in the form of a + b/Re c [22] agrees well with the experimental results. e correlation is as follows: 
where a is the reference constant and b and c are empirical coefficients (Re: 2.0 × 10 4 ∼1.5 × 10 5 ). Similar trends are observed in the researches of loss coefficient in spacer grids. Kim et al. [23] obtained a series of empirical correlations based on experiments; however, only the forward flow conditions were investigated. e empirical correlation proposed by Mochizuki is different from the correlation form in this paper, but the range of Reynolds number is similar, and the Reynolds number for transition is also 8 × 10 4 [24] . e research in literature [20] also shows a rapid decrease in loss coefficient with the increase in Reynolds number under low Reynolds number condition. erefore, it can be inferred that the pressure drop characteristics of complex structures have certain similarity.
Furthermore, researches indicate that there are a few differences among the loss coefficients of various spacer grids [25] . e correlation of loss coefficient for another NPP pump is also different from correlation (9) based on the experimental facility. However, the correlation form is similar, which illustrates that proper modifications are needed for loss coefficient and correlation (9) is universal. As mentioned in the previous section, the loss coefficient in RELAP5 code is a fixed value, which is not appropriate to the analysis for nature circulation condition. erefore, the pump model can be modified by referring to the correlation (9).
CFD Method and Analysis
CFD Model.
e main fluid domain of centrifugal pump, which includes the inlet pipe section, the inlet plenum, the impeller, the guide vane, the outlet plenum and the outlet pipe section, is modelled with SolidWorks code. In order to eliminate the perturbation of inlet and outlet effect on the flow state, the domain in mainstream direction is extended properly from the upstream to downstream of centrifugal pump. Considering the complexity of the research object, hybrid mesh technique is applied by ICEM CFD code to ensure accurate computation and computational effort. On the one hand, a structured mesh is applied for the inlet and outlet pipe sections. On the other hand, an unstructured mesh is applied for the complex pump internal structures. Preliminary analysis indicates that impeller and guide vane areas (as shown in Figure 5 ) effect the calculation results greatly; thus, meshes in above areas are densely generated. In the modelling process, the grid test is performed to check the effect of the mesh on pressure drop. First, different lengths of structured mesh for extended pipe are compared for mesh independency. e lengths are divided to 1D (D: the pipe diameter), 10D, 20D and 40D, respectively.
e results indicate that the difference of pressure drop between 20D and 40D is less than 5%. erefore, 20D mesh is chosen for extended pipe. Second, the grid cell effect of the pump fluid domain is analyzed in the test. According to the mesh size controlling, the numbers of mesh cells for the test are 1.0 × 10 6 (case 1), 2.2 × 10 6 (case 2), and 3.1 × 10 6 (case 3), respectively. e meshes in case 1 are rough, resulting to a larger pressure drop. e prediction between case 2 and case 3 is similar within 3%. erefore, the total number of meshes is finally determined as 2.2 × 10 6 (as shown in Figure 6 ). e simulations employ a commercial CFD code ANSYS FLUENT. Literature [20] indicates that turbulence models are of great importance in the simulation. Turbulence models based on RANS correlations are applied in this paper since the Reynolds number of the experiment is greater than 2 × 10 4 . After preliminary calculation, the SST k-ω model, RNG k-ε model, and standard k-ε model are compared to evaluate the CFD method. Mass flow rate inlet and pressure outlet boundary condition and a no-slip wall condition are assumed for the calculation. e calculation is iterated continuously until the dimensionless residuals are less than 10 − 4 and the constant value of mass flow rate is obtained. Figure 7 shows the comparison between CFD calculation and experiment. e CFD methods of three turbulence models predict a slightly higher loss coefficient Science and Technology of Nuclear Installations than the experimental values and the error of forward calculation is larger than that of reverse calculation. Relatively speaking, the calculation of RNG k-ε model agrees with the experiment better within 10% error. erefore, RNG k-ε model is performed in the further analysis. As CFD method can reproduce the experimental results and reflect the complex structure feature, it is particularly suitable for predicting flow behaviors in pump optimization design. Figure 8 shows the streamline and velocity distribution of forward and reverse flows (Re � 1.2 × 10 5 ). e values of velocity are normalized with the same scale and the main channels are indicated for convenient comparison. As shown in the figure, the velocity distribution of the reverse flow is more nonuniform. e slamming and backflow of the fluid are prominent, leading to the flow obviously separated from the main flow at the center and the end area of the vane. A relatively high local velocity appears along the edge position. However, the distribution of the forward flow in the impeller area is smooth, and velocity changes significantly only in the guide vane area. Figure 9 shows the pressure distribution of forward and reverse flows (Re � 1.2 × 10 5 ). e values of pressure are normalized with the same scale and the main channels are indicated for convenient comparison. Significant pressure drop is observed in the interface area of the main flow channel, e.g., the outlet plenum, guide vane, and impeller. In addition, the pressure distribution of forward and reverse flow is obviously different. e direction of pressure drop in the forward flow is basically opposite to that of reverse flow. According to the color change and scale value described in Figure 9 , the forward loss is mainly concentrated in the guide vane channel while the loss in the impeller area accounts for less than 10%. However, reverse loss in the impeller area is more than 20% for the total loss. Excessively narrow channel of guide vane and change of flow direction lead to the phenomenon. Science and Technology of Nuclear Installations backflow. Moreover, the blockage conditions between forward and reverse flow channels are different; thus, the velocity field is greatly different, which changes the apply work of fluid and the pressure loss distribution. e trend that the loss coefficient increases significantly with the decline of Reynolds number occurs in the experiment, and CFD calculation indicates that local flows differ in various Reynolds number. Taking reverse flow as an example, Figure 10 shows the distribution of turbulent kinetic energy in different Reynolds numbers. e values of turbulent kinetic energy are normalized with the same scale for convenient comparison. It can be seen from Figure 10 that in a low Reynolds number, there is a local high turbulent kinetic energy (the significant change of color and value) in the interface area between outlet plenum and outlet pipe, interface area between guide vane and impeller, indicating that the turbulence intensity of flow in above areas increases greatly and the energy loss is relatively large. e phenomenon of local high turbulent kinetic energy weakens with the increase in Reynolds number, indicating that the complex flow channel of pump has a greater impact on the fluid under low flow rate condition. In this case, the local flow is more unstable in the low Reynolds number, leading to a higher loss coefficient.
CFD Results.
Conclusions
In view of the issues caused by the pump resistance for natural circulation, experimental and numerical methods were developed to investigate the flow behaviors of a NPP centrifugal pump for low flow rate condition. Conclusions can be drawn as follows.
(1) e measured pressure drop of the centrifugal pump indicates a parabolic growth with the increase in Reynolds number. In the identical Reynolds number, the reverse pressure drop is significantly greater than the forward pressure drop. e loss coefficient is estimated to be a constant value while the Reynolds number is larger than 8 × 10 4 .
(2) e loss coefficient tends to increase with the decrease in Reynolds number in low Reynolds number. e phenomenon is similar to the trend of loss coefficient in spacer grids. Based on the experimental results, the empirical correlation of loss coefficient for centrifugal pump is obtained.
(3) e CFD methods predict the loss coefficient well compared with the experiment. e calculation of RNG k-ε model agrees with the experimental value within 10% error. (4) e internal flow field distributions are obtained using CFD methods. e pressure drop of centrifugal pump is mainly concentrated in the interface area of impeller and guide vane, etc. Significant difference is also observed in the flow field between forward and reverse condition, which explains the different pressure losses in the experiment. In addition, local flows are more unstable in low Reynolds numbers. 
